Scaling of conventional SiON gate dielectrics in complementary metal oxide semiconductor ͑CMOS͒ field effect transistors ͑FETs͒ has slowed at a physical thickness ͑T phys ͒ near 1.3 nm due to diminishing performance gains and exponentially increasing gate tunneling currents.
1 Further gate dielectric scaling may require high-permittivity ͑high-k͒ dielectrics. HfO 2 and HfSiO x dielectrics are attractive due to their high k relative to SiO 2 ͑Ref. 2͒ and large band offsets relative to Si. 3 Early in the development effort, HfO 2 / poly-Si stacks were shown to reduce gate tunneling currents by a factor of 10 4 , relative to SiO 2 / poly-Si, but mobility and charge trapping were identified as issues. 4 Recently, significant mobility and charge trapping progress have been reported with optimized HfO 2 ͑Refs. 5-7͒ and HfSiON ͑Refs. 8 and 9͒ with metal gates. However, the mobility of both HfSiON and HfON over a T phys range appropriate for high performance and low power applications has not been discussed. Other works have discussed mobility response due to annealing 10 and interfacial SiO x thickness.
11
Here we report the mobility and charge trapping response of HfON and HfSiON to changing T phys . The onset of mobility loss and threshold voltage ͑V t ͒ instability ͑⌬V t ͒ occurs at different T phys for HfON and HfSiON. A common mechanism explains these electrical data. Both dielectrics demonstrate high mobility and low ⌬V t below a critical thickness where the dielectric is amorphous rather than crystalline. n-channel FETs were fabricated on 200 mm p-type Si substrates with doping density of ϳ3 ϫ 10 17 /cm 3 . HfO 2 and HfSiO x films were grown by atomic layer deposition ͑ALD͒ on ϳ1 nm thick SiO x or SiON using tetrakis͑ethylmethy-lamino͒hafnium and tetrakis͑ethylmethylamino͒silicon as precursors. Ozone was the oxidizing ambient. The composition of the HfSiO was determined with x-ray photoelectron spectroscopy ͑XPS͒ and Rutherford backscattering to be Si/ ͑Si+ Hf͒ϳ0.25. Details of the dielectric process can be found elsewhere. 12 T phys and equivalent oxide thickness ͑EOT͒ are varied exclusively by changing the number of ALD cycles. T phys is determined with high resolution transmission electron microscopy ͑HRTEM͒. Postdeposition annealing ͑PDA͒ was performed predominantly in NH 3 . Resulting N content in HfON and HfSiON was estimated to be ϳ7 at. % by XPS. Select reference wafers were annealed in N 2 . ALD TiN with poly-Si capping was used as the gate electrode. Subsequent processing included a conventional CMOS flow with a 1000°C/5 s activation anneal after gate stack formation. EOT and mobility for the dielectric stack were extracted from measured capacitance-voltage ͑C-V͒ and direct current ͑dc͒ current-voltage ͑I d -V g ͒ data using the North Carolina State University model. 13 Both dc I d -V g and pulsed I d -V g ͑Ref. 14͒ characteristics were measured on 10 ϫ 1 m 2 FETs. As previously reported, the current drop ͑⌬I d ͒ during pulsed I d -V g quantifies the effect of charge trapping. 15 HfON and HfSiON gated FETs have different electron mobility responses over a common T phys range. Figure 1͑a͒ shows dc electron mobility plotted as a function of effective electric field for both dielectrics. As HfON T phys increases from 1.8 to 3.3 nm, peak and high field dc mobility decreases. This loss has been attributed to charge trapping on defects in HfON, such as oxygen vacancies that may be located at crystalline grain boundaries. 6 To address the possibility that nitridation of HfO 2 degrades mobility, controls without NH 3 nitridation ͑N 2 PDA only͒ were studied. Without NH 3 nitridation, HfO 2 shows a similar downward mobility trend with increasing T phys ͑not shown͒. For HfSiON, Fig.  1͑a͒ shows that mobility improves with thickness up to T phys = 2.7 nm. However, sufficiently thick HfSiON films ͑ജ3.5 nm͒ show mobility loss similar to HfON or HfO 2 .
A comprehensive mobility data set for HfON and HfSiON is shown in Fig. 1͑b͒ mobility initially improves with increasing T phys , rather than degrading as for HfON. The small improvement in HfSiON mobility up to EOT= 1.25 nm ͑T phys ϳ 2.7 nm͒ may be attributed to a small increase in the interfacial SiO x layer. Fourier transform infrared spectroscopy shows that interfacial SiO x thickens with increasing ALD cycles, likely due to increased O 3 exposure. 8 This thicker interfacial SiO x is known to improve electron mobility. 11 Despite the initial HfSiON mobility improvement, when T phys exceeds 3.5 nm ͑EOT = 1.36-1.44 nm͒, HfSiON mobility decreases. High field mobility ͑1 MV/cm͒ versus EOT ͑not shown͒ illustrates the same trend for both HfON and HfSiON.
Mobility results in Fig. 1 can be explained with the charge trapping results shown in Fig. 2 . Unlike SiO 2 gate dielectrics, 16 during normal FET operation, Hf-based dielectrics trap charges on preexisting defects causing ⌬V t . 4 To estimate the amount of charge trapping, ⌬V t was extracted from ⌬I d measurements according to Eq. ͑1͒, 17 where ⌬I d is the difference between the initial and final drain currents after a 100 s gate bias ͑V g = 1.8 V͒, Fig. 1͑b͒ . It is shown later that the morphology ͑crystal-linity͒ of these dielectrics is different at EOT= 1.24 nm. An alternative explanation for the mobility results could be differing interface quality with T phys . However, the number of interface traps, as estimated by charge pumping, is in the range of ͑2-3͒ ϫ 10 10 /cm 2 , independent of T phys . Subthreshold swing from the 10ϫ 1 m 2 transistor is also unchanged with T phys . These data suggest that interface quality is not the primary contributor to the mobility response in Fig. 1 . Because the SiO x interface and O 3 ALD half-cycle processes are the same in the T phys series, interface quality is expected to be similar.
HfON and HfSiON both achieve ⌬V t Ͻ 20 mV, but over a different EOT range due to morphology differences. Figure  2͑b͒ shows that HfSiON traps minimally for EOT Ͻ1.35 nm ͑T phys Ͻ 3.5 nm͒, while HfON traps minimally for EOT Ͻ1.12 nm ͑T phys Ͻ 2.5 nm͒. Significant charge trapping, and therefore ⌬V t , occurs in both dielectrics when these critical thicknesses are exceeded. The critical thickness is coincident with the minimum T phys required to support crystallization. HfSiON shows minimal trapping Ͻ3.5 nm because the SiO 2 content in HfSiON suppresses crystallization. Conversely, without SiO 2 content, HfON films crystallize beyond the critical thickness ജ2.5 nm.
HRTEM images of HfON and HfSiON gate stacks are shown in Fig. 3 after 1000°C 5 Fig. 3͑d͒ , whereas the 2.7± 0.2 nm HfON film in Fig. 3͑e͒ is crystalline and prone to ⌬V t issues.
Grazing incidence x-ray diffraction data support the critical thickness model and is consistent with HRTEM morphology results. 19 Grain boundaries contain strained or broken bonds, particularly for the high angle grain boundaries shown in Fig.  3͑c͒ . These defects between adjacent gate dielectric grains may include Hf dangling bonds, O dangling bonds, strained Hf-O bonds, or O vacancies. 20, 21 These defects are expected to raise the free energy of the system above the equilibrium value, motivating chemical or electronic activity to minimize energy. 22 Typical free energy minimization processes such as grain growth are unlikely to occur during device operation. Therefore injected electrons may be driven to trap along the grain boundaries to fill defects and reduce free energy. This trapping process may lower the free energy of the system, but also results in ⌬V t and mobility loss reported here for thick, crystalline dielectrics. Conversely, interfacial defects and therefore ⌬V t , may be reduced with an amorphous dielectric as shown in Fig. 3 .
In summary, a relation between mobility, ⌬V t , and crystallinity has been discussed for both HfON and HfSiON. HfSiON peak mobility increases in the T phys range of 1.8-2.7 nm. Conversely, HfON peak mobility decreases in the T phys range of 1.8-3.3 nm. Both materials show rapid mobility loss and ⌬V t beyond a critical thickness. The HfON critical thickness is ϳ2.5 nm, while the HfSiON critical thickness is ϳ3.5 nm. HRTEM verifies that both HfON and HfSiON lack clear crystallinity in regions of high mobility ͑Ͼ220 cm 2 /V s͒ and minimal ⌬V t ͑Ͻ20 mV͒. Conversely, crystallinity is observed in the region of low mobility ͑Ͻ200 cm 2 /V s͒ and high ⌬V t ͑Ͼ50 mV͒. Strained or broken bonds present along crystalline grain boundaries may negatively impact mobility and ⌬V t . 
